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Ssurface Characterization of Cu-ion Implanted Single Crystal
and Thin Film ZnO for Catalytic Applications

J.S. Brodkin, U.S. Army Research Laboratory, Materials
Directorate (Metals Research Branch) and D. Chadwick,
Imperial College of Science, Technology and Medicine
(Department of Chemical Engineering and Chemical Technology) .

INTRODUCTION

During the period of September 1992 - September 1993 a joint
project was carried out by personnel of the two laboratories
noted above, at Imperial College, London, England. The work
was conducted in the Department of Chemical Engineering in

the sub-group of Applied Catalysis and Reaction Engineering.

This group's work focuses on the use of catalysis and high
temperature pyrolysis for energy and fuel related processes,
in particular methanol synthesis. The catalytic synthesis of
alcohols and oxygenates is a currently important research
area due to the increasing usage of oxygenates as potential
transportation fuels and as octane enhancers in unleaded
gasoline [1].

However, the field has been well-studied for many years. In
the early 1960's a ground-breaking study by researchers at
ICI led to the development of a copper-zinc oxide catalyst
which enabled methanol to be synthesized under much milder
conditions than were previously used, and this process is
still widely used today [2]. However, many fundamental
aspects of the mechanisms of these reactions are still poorly
understood. One of the main aims of this research program
has been to determine the detailed mechanisms of these
synthesis reactions by investigation of the kinetics of these
systems. This has been carried out using high pressure,
micro-reactor techniques, followed by surface
characterization of the catalysts under ultrahigh vacuum.

The particular project of interest during this one-year
period was the investigation of single crystal ZnO which had
been ion-implanted with %3Cu, and was to be a model system for -
the study of the Cu/ZnO based catalyst for the industrial For .
process. In industry the catalyst is a physical mixture of i iﬁ

microcrystalline ZnO and finely ground Cu metal. In the O
commercial reactor, the reaction gases CO, CO, and H; (a 3 0
mixture commonly referred to as syngas) are passed over the lome

catalytic mixture at conditions of elevated temperature and
pressure (T = 250° C, p = 10 bar): -
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The 7Zn and the Cu are believed to have a synergistic effect
and to result in a greatly enhanced catalytic activity,
relative to what can be achieved by the use of ZnO alone [3].

The use of ion implantation to produce a mixed Zn-Cu system
was proposed in order to allow careful study of what occurs
in the catalyst under reaction conditions, with a material
which was carefully controlled in terms of concentration and
purity of the components. The same reaction mixture used in
the industrial reactors was prepared in a small high pressure
gas cell which was then linked to a surface characterization
instrument, all under ultrahigh vacuum and isolated from
atmospheric conditions. Therefore, after completion of the
synthesis reaction the catalyst could be directly examined in
order to determine the surface active species.

Previous studies attempted to explain the mechanism of the
reaction, and many possiblities have been proposed, as
discussed in an important review of methanol synthesis
published by Klier [4]. Herman et al. proposed a model of
Cut dissolved in ZnO as the active center for methanol
synthesis [5] in the first piece of work that applied modern
surface science techniques to the study of the catalysts used
in these reactions. In contrast to this view of the
synergistic effect between Cu and ZnO, it has also been
suggested that the ZnO acts merely as a structural support
for the Cu catalyst and takes no part in the mechanism of the
reaction [6]. Finally, the ICI research group has recently
proposed that it is metallic copper that is the main active
center in the synthesis [7].

In the current study, we were especially interested in the
oxidation state of the Cu species, with a view towards

settling the question of whether it is cul or cu* which acts
as the active center, and at what Cu concentration we might
expect to find enhanced reactivity. The first objective of
this project was to implant a variety of materials with %3Cu
ions, including single crystal ZnO, polycrystalline ZnO on Zn
foil or metal, and MgO crystals. When ion implantation of
the substrate materials was completed, surface
characterization of the implanted specimens was carried out
in order to determine the surface concentration of Cu and its
oxidation state. The final objective of the project was to
be the processing of the implanted catalysts under reaction
conditions, and the study of the altered surface state of the

Cu/Zn0 catalyst.




EXPERIMENTAL

Highly pure single crystals of ZnO in the needle formation
were obtained and used in this study. The end faces of the
crystals are hexagons about 1 mm wide, while the long axes of
the crystals varied from about 5 to 15 mm long. A second
potential catalyst material which is also of interest, MgO,
was included in this study. The MgO specimens were obtained
from a single crystal of MgO in a square rod formation using
a diamond wafering saw and cut perpendicular to the long axis
along the cleavage planes. Each MgO sample thus obtained was
a square plate approximately 5 x 5 x 2 mm thick. The Zn foil
was obtained from the Royal School of Mines and oxidized at
350° C for four hours under a stream of air. The resultant
znO films were straw colored.

The samples were implanted with 63Cu ions using a Whickham Ion
Implanter which was located in the Electrical Engineering
Department of Imperial College. There were two implantation
runs: the first in 1988, which resulted in four ZnO single
crystals implanted with 63Cu at a dose of 1 x 1016 ions/cm?,
and a second run in 1993 with a greater variety of specimens
and doses. In both implantations the beam energy was 50 keV
with an average beam current of 100 pA/cm?. Figure 1
illustrates the implantation set-up conditions for these two
runs.

In the more recent implantation four different doses were
attained. The highest dose was 1 x 1016 ions/cm? which was
delivered to six ZnO crystals, two MgO crystals and two
7n0/Zn foil samples. A lower dose of 5 x 1015 ions/cm? was
delivered to seven ZnO crystals, two MgO crystals and two
7Zno/Zn foil samples. Two additional lower doses were
delivered to some additional specimens. The samples were
adhered to four pieces of silicon wafer using a silver
soldering paste. The wafers were mounted onto a square
plate, as shown in Figure 2, and attached to an x-y
translation stage which was fitted inside the implanting
chamber. As the desired dose was achieved, the specimens
were moved out of the beam line.

X-ray photoelectron spectroscopy (XPS) was conducted on a
Vacuum Generators Escalab Mark II, at pressures of around

2 x 1079 mbar. The pass energy was 50 eV for all runs. The
survey scan area was taken from 1200 to 0 eV, and the
elemental scans were taken in ranges of 20-25 eV. Both the
Mg (A= 1253.6 eV) and Al (A=1486.6 eV) anodes were utilized.

The high pressure studies were carried out in a Vacuum
Generators high pressure gas cell which was located in the
fast entry load lock of the Escalab Mark II. Some samples
were heated on a P-8 resistive heater located in the
preparation chamber of the Mark II. Several samples were




sputtered with an Ar ion gun which was also located in the
preparation chamber. Ion Scattering Spectroscopy (ISS) was
carried out on a few of the samples. Figure 3 shows the
schematic representation of the UHV dual chamber XPS system
used in these experiments..

The Rutherford Backscattering Spectroscopy (RBS) measurements
were conducted at the ARL surface characterization facility
at Watertown, MA. A single crystal of 83Cu-implanted ZnO from
the 1988 implantation at Imperial College was mounted on a
piece of silicon wafer in a vacuum chamber and exposed to a
beam of 2 MeV Het ions. The angle of incidence of the beam
was 60° and the backscattering angle was 170°. Atomic
fractions of the surface elements were deduced from a RUMP
[8,9] fit to the RBS spectrum.

RESULTS AND DISCUSSION

A total of 38 samples of ZnO and MgO single crystals and ZnO
films on Zn foil were implanted with 83Cu ions to the required
dosés. It was noted by the operator that the single crystals
exhibited some color changes during the implantation
procedure. The ZnO crystals glowed bright green from the
beginning of the run, although the color faded and
disappeared when the dose reached approximately 1014 ions/cm?.
The MgO crystals fluoresced pale blue from the beginning of
the run until the dose reached about 104 ions/cm?; the color .
then changed to bright green and remained so for the rest of
the implantation. This was not unexpected as both materials
are photoluminescent.

A certain amount of sputtering of the sample surface during
implantation is expected and the extent will vary depending
upon implantation conditions and sample composition. In
general, a low dose implantation results in less sputtering
and leads to a "buried" implanted layer, while a high dose
implantation causes more sputtering loss and results in a
more uniformly distributed (from the surface) implanted
layer. This is illustrated in Figure 4. This implantation
profile is consistent with surface analysis data obtained on
the ZnO single crystal (1988 high dose implantation). Data
from the RBS experiment showed a copper concentration of 9.4
atomic % averaged over 482 A while results from an XPS
experiment on the same crystal indicated 10.6 atomic % copper
in the near surface region of 50 A.

There are a number of computer programs available which will

model the effect of the ion beam upon the substrate material.
These programs are used to approximate the amount of expected
surface material loss and resulting impurity concentration




and distribution under various conditions of ion
implantation. Using one such program, Profile [10], for the
case of single crystal ZnO and assuming an original 30 A
layer of carbon on the crystal surface (carbon is a common
and pervasive atmospheric contaminant), a dose of 1016
ions/cm? will result in all of the carbon being sputtered
away. In addition, there will be less sputtering on the
crystal face which is normal to the ion beam. Results from
the modeling analyses indicate that there might be a maximum
of 5% Cu ions implanted extending over a depth of 350-400 A.

The MgO crystals were freshly cleaved and not expected to
contain much surface carbon. The Profile calculations
indicate that the highest dose of 1016 ions/cm? might result
in a much lower concentration of Cu ions, with a maximum of
only about 1% Cu in a surface region of 600 A.

The primary method of characterization of the Cu-implanted
crystals and foils was XPS. A survey scan was always run
first in order to determine the extent of carbon
contamination and to obtain a rough idea of the relative
amounts of copper, zinc and oxygen present. After the survey
scan, a number of detail scans were obtained in order to get
better resolution and quantification of the individual
elemental peaks of interest. Before any heating or treatment
of the samples was initiated, an XPS experiment on each of
the following specimens was conducted:

1. Zn0 crystals- unimplanted.

2. ZnoO crystals implanted 1988, dose = 1 x 1016 ions/cm2.

3. ZnO crystals implanted 1993, dose = 1 x 1016 jons/cm?.

4. MgO crystals implanted 1993, dose = 1 x 1016 ions/cm?.

5. ZnO film on Zn foil implanted 1993, dose = 1 x 1016
ions/cm?.

6. ZnO film on Zn foil implanted 1993, dose = 5 x 1015
ions/cm?.

Because the XPS survey spectra for all of the ZnO samples are
quite similar, a representative spectrum from the single
crystal unimplanted ZnO is shown in Figure 5. The Zn 3p peak
is at 90 eV and the Zn 3s peak is at 142.5 eV. The stronger
signals are from the Zn 2p;,, and Zn 2p;,, binding energies,
which are at 1023.5 and 1047 eV respectively. There are
several Zn Auger lines in the region 300-350 eV (Mg Ka).
Oxygen shows up as a strong signal due to the 1ls binding
energy at 533.8 eV with a corresponding Auger series at 725-
785 eV (Mg Koa). There is a strong peak due to the carbon 1s
binding energy at 287.5 eV, indicating a large amount of
surface carbon present. Finally, there is a doublet at 27-29
eV which is due to the Ta 4f binding energies, and is present
in the case of all the ZnO single crystal samples because the
crystals are resting on a background of Ta foil.




The survey scan from the 8Cu ion-implanted (1993) ZnO single
crystal is shown in Figure 6. The Zn, O, Ta and C peaks are
all in their expected locations, although the carbon peak is
much reduced relative to the unimplanted crystal; apparently
most of the carbon contamination was sputtered away during
the implantation procedure. There is an additional peak due
to the presence of the implanted copper ions. The Cu 2p3,;
peak is at approximately 933.6 eV (depending on the sample),
but is quite weak due to the low concentration of Cu ions in
the sample surface region, due to sputtering. The Auger
lines which would be attributed to Cu are obscured by the
strong Zn Auger lines in the same region.

The survey spectrum for the %Cu-implanted MgO single crystal
is shown in Figure 7. There are several weak lines which can
be attributed to the binding energies of the Mg 2p peak at 47
eV and the Mg 2s peak at 74.5 eV. There is a strong signal
due to carbon at 287.5 eV and a strong oxygen signal at 532
eV. There is no apparent peak due to copper, and a
subsequent elemental detail scan reveals no Cu 2p signal at
all in the expected region. The conclusion is that the
implanted copper ions must be quite deeply embedded in the
crystal (relative to the 15A escape depth) and so will not be
able to be seen with XPS, unless the implanted layer is
exposed by sputtering of the surface region. That was not
done for the purposes of this study, and so the MgO crystals
were not further characterized.

Representative elemental detail scans from the ZnO single
crystal, 1993 implantation are shown in Figures 8-10. There
are small shifts in position and differences in peak areas
between the different specimens which will be discussed
later. In Figure 8 is shown the detail scan for Zn 2p;,, and
Zn 2pi/2. In Figure 9 is the oxygen ls detail, and in Figure
10 is shown the Cu 2pi;,; peak and the Cu 2p;,» peak. Detail
scans in the same regions were taken on each of the single
crystal ZnO samples (both unimplanted and implanted) and on
the ZnO film on Zn foil samples. Results are shown in

Table 1. '




Table 1. Peak Positions in Binding Energy (eV) for the XPS
elemental scans for all the unimplanted and %3Cu-implanted
specimens. Also shown is the surface copper concentration
for the implanted samples.

Sample Zn 2p3/2, 0 1s, C 1s, Cu 2p3s2, |Cu, at. %
' eV ev ev eV
Unimplanted ZnO [1024.1 -533.8 287.2 -—— -
crystal
Implanted 1988 1022.6 531.7 286.0 933.7 10.6
Zn0 crystal +/- .5
Implanted 1993 1022.6 531.6 285.7 933.7 4.4
Zn0O crystal +/- .4
Implanted 1993 1022.6 531.9 286.0 933.8 1.4
ZnO f£ilm/Zn foil +/- .2
high dose
Implanted 1993 1022.6 531.5 285.9 933.7 1.2
zn0O film/Zn foil +/- .2
medium dose ‘

As can be seen from Table 1 there is not much shift in the
peak positions of the elemental components in any of the
single crystal ZnO or thin film ZnO. The shift in the C 1s
position from the standardized 284.6 eV indicates a small
amount of charging on most of the samples. The position of
the Zn 2pi3,, peak is consistent with the presence of Zn2* in
ZnO. The position of the Cu 2p;,; peak indicates the presence
of either Cul or cul* (Cu?* can be ruled out on the basis of
peak position and by the absence of satellite peaks in the
region of the detail scan). It is not possible to
distinguish between Cu® and Cul* on the basis of the position
of the 2p3,; peak alone. In order to be able to determine if
the oxidation state of the copper present is 0 or 1+, one
must consider the position of the Auger lines assigned to the
surface copper species. There will be more discussion on
this topic later.

In terms of the concentration of the copper present, it
should be noted that there is a significant difference in the
percent copper present between the two implantations of the
7Zn0 single crystals. One explanation might be that small
differences in sample orientation of the crystal relative to
the ion beam may result in differences in apparent dose due
to ion channeling effects. Channeling can occur if implanted
species are directed between lattice planes or along axes and
therefore experience lower energy loss rates. This would




result in a longer range and hence lower concentrations of
the implanted ions at the outermost sample surface.

The thin film ZnO on Zn foil samples exhibited a much lower
concentration of Cu ions after the implantation than the
single crystal specimens. Both the high dose and the medium
dose foil samples were analyzed, but the copper
concentrations in these specimens were so low that the even
lower dose samples were not characterized, due to the
limitations of the XPS techniques.

Because it was important to determine the true oxidation
state of the implanted Cu ions, it was necessary to obtain
spectra containing binding energies of the Cu Auger lines.
This is because the positions of the Auger lines for copper
will be shifted depending upon whether the Cu present is cuf
or Cul*. (The actual measurement of interest is known as the
Auger parameter, which is the difference in binding energy
between the photoelectron and Auger lines.) Unfortunately,
in the case of the single crystal ZnO specimens, all Cu Auger
lines were completely obscured by the Zn Auger lines, which
were in the same region and are very much stronger. However,
the XPS spectra of the Zn foil specimens did exhibit Cu Auger
signals, and the positions of these peaks indicated that the
implanted copper was Cul. This is shown in Figure 11.

Since it was now known that the copper present in the
implanted ZnO foils was Cul it was possible to carry on with
the planned high pressure gas cell experiments. The
objective of this part of the study was to determine if (a)
the oxidation state of the copper could be adjusted depending
upon reaction conditions, and (b) what would happen to the
concentration of the implanted Cu ions as a result of heating
and/or exposure to different reaction mixtures. The ultimate
aim of these experiments would be to process the model
catalyst under industrial conditions in order to determine
the oxidation state and local environment of the copper ions.
This would elucidate the mechanism of the catalytic reaction
in terms of the role of the copper species.

We had planned to use the ZnO crystals as the principal
materials of study but because it would not be possible to
monitor the Cu Auger binding energies in these samples, we

" turned to the foil specimens as an alternative. However, the
crystal specimens were used to determine proper reaction
conditions and optimum gas mixtures and to get preliminary
data on the reaction of the specimens under catalytic
conditions. After suitable reaction conditions were
determined, we planned to initiate a similar study using the

foil samples.

At this point the ZnO crystals from the 1988 implantation at
Imperial College were examined for a second time because in




the interim period they had been heated in nitrogen at 300°C.
There were small changes in the survey spectrum, but the main
difference noted was the decrease in concentration of copper
in the surface region from 10.6 % to 7.5 %. After further
heating in oxygen at 475° C it was noted that there was
another large drop in the surface concentration of copper
species. Heating in hydrogen at a lower temperature changed
many of the peak positions but did not result in a further
large drop in copper concentration. Heating the crystals at
475° C in hydrogen also resulted in the removal of virtually
all of the surface carbon contamination. Results of this
study are shown in Table 2 and in Figures 12 through 14.

As can be seen from Table 2 and in Figure 12, there is a
small shift upwards in binding energy of the Cu 2p;,; peak in
the oxygen and heat-treated ZnO crystal (spectrum "b")
relative to the spectrum of the untreated sample (spectrum
"a"). This indicates oxidation of the implanted copper ions
from the likely zero valence state to Cu 2+. After being
heated in a hydrogen atmosphere, the Cu 2p3,; signal shifts
downward again (spectrum "c"), which is an indication that
the the copper ions have been reduced to either cul or cul+.
This experiment clearly shows that the both the surface
copper concentration and oxidation state of the copper ions
can be manipulated by exposure to various atmospheres and
temperatures. ’

Figure 13 shows the expanded region of the elemental copper
binding energies for the untreated and treated ZnO crystals.
Spectrum (a) is of the untreated zinc oxide crystal (Cu-
implanted but not exposed to heat or oxygen, nitrogen, or
hydrogen atmospheres). Spectrum (b) is of the same crystal -
after being heated in oxygen at 475° C. Spectrum (c) is of
the same crystal after further heating in hydrogen at 220° C.
The important feature to note here is the satellite peak in
between the Cu 2p;,, and the Cu 2p;,; peaks in spectrum (b).

This feature appears only when Cu 2t is present and is a clear
indication that the implanted copper ions have been oxidized.

Figure 14 shows the XPS spectra for the same crystal after
the same sequence of heating in various atmospheres for the
detail scan of the 0Ols elemental region. In this case, the
Ols peak does not shift significantly after oxidation, but
does exhibit a small downward shift in binding energy after
being heated in reducing atmosphere. The reason for this
shift is not clear, but may be related to a different oxygen
coordination due to the reduction of CuO to Cuy0 or Cul.




Table 2. Peak Positions in Binding Energy (eV) for the XPS
elemental scans for the untreated and treated Cu-implanted
Zno crystals. Also shown is surface copper concentration.

Sample Zn 2ps;2, 0 1s, C 1ls, Cu 2pa/a, Cu,at.%
ev eVv eV eV

##

Implanted 1988 1022.6 531.7 286.0 933.7 . 10.6
ZnO, untreated +/-
No, 300° C, 1022.7 531.9 285.9 933.7 7.5

1 hour +/-
05, 475° C, 1022.1 531.9 934.1 4.3

2 hours -—- +/-
Hy, 220° C, 1022.4 531.5 933.3 4.1

2 hours --- +/-

CONCLUSIONS

The proposed project was successful insofar as a model
material was produced and characterized, and could be used to
demonstrate the catalytic properties and synergistic effects
of a mixed Cu-ZnO system. There were some difficulties in
using the Cu-implanted zinc oxide crystals as the model
system due to the weakness of the copper Auger lines and the
resultant ambiguity regarding the assignment of the Auger
parameter in these materials. This problem could be
circumvented by using the foil specimens instead which did
allow determination of the oxidation state of the implanted
copper species. It was clearly shown that the Cu oxidation
state could be manipulated by exposure to various oxidizing
and reducing atmospheres at elevated temperatures in the high
pressure gas reaction cell of the Escalab Mark II. The work
that remains to be done is the reaction of the foil specimens
under true catalytic conditions followed by characterization

of the implanted copper species.
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Figure 2.

Schematic representation of implanted specimens. (a) 6 ZnO
crystals, 2 MgO crystals, 2 ZnO/Zn foil samples; dose =

1 x 1016 ions/cm2 . (b) 7 ZnO crystals, 2 MgO crystals, 2
7Zn0/Zn foil samples; dose = 5 x 1015 ions/cm? . (c) 7 ZnO
crystals, 2 MgO crystals, 2 ZnO/Zn foil samples; dose =

2 x 1015 ions/cm?2 . (d) 4 ZnO crystals, 1 Zn0O/Zn foil sample;

dose = 1 x 1015 ions/cm? .
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Figure 3.

Schematic representation of the Vacuum Generators Escalab
Mark II, which was used to obtain all XPS data.
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